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CombustionAbstract Biodiesel produced from pongamia oil has been considered as promising option for die-
sel engines because of its environmental friendliness. In this work, bio-diesel from pongamia oil is
prepared (PME 100), tested on a diesel engine for different blends such as PME 20, PME 40, PME
60 and PME 80. Comparison is made with diesel operation. Parameters such as brake thermal
efﬁciency, brake speciﬁc fuel consumption, carbon monoxide, unburned hydrocarbons, smoke
and NOx emissions are evaluated. Even though the performance reduces slightly when the engine
is fueled with biodiesel, signiﬁcant changes in the combustion parameters observed in case of
biodiesel blends are signiﬁcant to note. On the other hand, reduction in CO, HC and smoke is
observed. Study reveals the effect of bio-diesel on a DI engine when compared to diesel and evolves
conclusions with respect to performance and emissions.
 2014 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Energy is the most fundamental requirement for human exis-
tence. Consumption of fossil fuels has highly increased and
the use of these energy resources has major environmental
impact as well. Diesel fuel is largely used in transport, agricul-
ture, commercial, domestic and industrial sectors for the gen-eration of mechanical energy and electricity. Out of all the
alternative fuels available, bio-diesel obtained from vegetable
oils and animal fatty acids promises to be more eco-friendly
when compared to diesel fuel [1]. Finding suitable sustainable
fuel alternatives has become a high priority for many coun-
tries. Also, it will play major role in various industries in the
near future. Bio-diesel is one of these sustainable fuels that is
a non-petroleum based, consisting of alkyl esters derived from
either transesteriﬁcation of triglycerides obtained from vegeta-
ble oils or esteriﬁcation of free fatty acids from animal fats
with short-chained alcohols. It has many advantages that
include low emissions, biodegradable, non-toxic and better
lubricity. Even then, bio-diesel has not become a better alter-
native fuel that can be made commercially available, because
of its higher production cost and non-availability of raw mate-
rial. Poor oxidation stability of biodiesel is also one of the
Nomenclature
ATDC after top dead center
BSFC brake speciﬁc fuel consumption
SEC speciﬁc energy consumption





ppm parts per million
PME pongamia oil methyl ester
PME 20 20% PME and 80% diesel
PME 40 40% PME and 60% diesel
PME 60 60% PME and 40% diesel
PME 80 80% PME and 20% diesel
PME 100 100% PME
298 K. Nantha Gopal, R. Thundil Karupparajmost serious restrictions in its commercialization and frequent
use in DI engines [2]. One of the means to address these issues
is by carrying out research and development in the ﬁeld of oxi-
dation stability of biodiesel and to see that cost of the biodiesel
is reduced [3]. Another option for cost reduction is to produce
biodiesel from waste fats that reduces the cost of processing
through optimizing the variables that affect the yield and pur-
ity of biodiesel [4].
Numerous studies have been conducted on biodiesel in the
past few decades. Several production methods have been
reported that include blending of oils, microemulsion, pyroly-
sis and transesteriﬁcation [5]. Transesteriﬁcation is the general
term used to describe the important class of organic reactions,
where an ester is transformed into another by interchange of
the alkoxy radical group. Transesteriﬁcation involves stripping
of glycerin from fatty acids with a catalyst such as sodium or
potassium hydroxide and replacing it with an anhydrous alco-
hol that is usually methanol. However potassium hydroxide is
considered as a best catalyst for transesteriﬁcation of all types
of vegetable oils. The resulting raw product is then centrifuged
and washed with water to make it free from impurities. This
yields methyl or ethyl ester (biodiesel) as well as small amount
of glycerol, a valuable by-product used in making soaps, cos-
metics and numerous other products. There are four transeste-
riﬁcation processes for the formation of biodiesel from oils and
fats. (i) Base-catalyzed transesteriﬁcation. (ii) Direct acid-cata-
lyzed transesteriﬁcation. (iii) Enzyme catalytic conversion of
the oil into fatty acids and then into biodiesel. (iv) Non-cata-
lytic transesteriﬁcation using methanol or methanol/co-solvent
[6–9]. Out of these, base-catalyzed transesteriﬁcation of vegeta-
ble oils with simple alcohol has long been the preferred method
for producing biodiesel. Methanol is the most commonly used
alcohol because of its low cost.
Large numbers of experiments have been conducted with
different biodiesels prepared from various feedstocks on com-
pression ignition engine under different operating conditions
by researchers. Ejaz and Jamal [10] have signiﬁcantly reviewed
the results of engine tests carried out by earlier researchers
using vegetable oil based fuels. Most of them have utilized sun-
ﬂower oil, rapeseed oil, cottonseed oil, soybean oil, palm oil
and peanut oil as fuel for diesel engines in different modes.
They concluded that coking is a major problem for unmodiﬁed
vegetable oils in diesel engine. But, the chemically processed
biodiesel blends with diesel can be used successfully in a diesel
engine for longer duration. Ramadhas et al. [11] have listed the
advantages, challenges and technical difﬁculties of using vege-
table oil based fuels in diesel engines. It was reported that the
feedstock price of vegetable oils, homogeneity and materialcompatibility are the major challenges. Engine durability, pop-
ularization of environmental beneﬁts of vegetable oils, and
effects of glycerol on engine life are the primary technical dif-
ﬁculties of biodiesel. Almeida and Al-Shyoukh [12] held inves-
tigations on a diesel generator with preheated palm oil for
different temperatures. Reduced NOx emissions and increased
CO, HC, and CO2 emissions were obtained. Engine tests have
been carried out by Devan and Mahalakshmi [13] with the aim
of obtaining performance, emission and combustion character-
istics of a diesel engine running on Methyl Ester of Paradise
Oil (MEPS) and its diesel blends. Signiﬁcant reduction in
smoke and unburned hydrocarbon emissions by 40% and
27% for MEPS 100 was found. However, there was an increase
of NOx emission by 8% for MEPS 100. Suryanarayanan et al.
[14] analyzed the performance and emission characteristics of
methyl esters of Sunﬂower oil, Palm oil, Pungam oil, Jatropha
oil, Rice bran oil and Waste cooking oil and compared with
those of diesel. It is found that Sunﬂower oil Methyl Ester
(SUME) has the highest brake thermal efﬁciency across the
range of loads while Palm oil Methyl Ester (PAME) has the
lowest speciﬁc fuel consumption among the biodiesels. On
the other hand, NOx emissions are found to be highest for
SUME. All biodiesels record lesser CO, HC and soot emis-
sions compared to diesel. Murugesan et al. [15] studied the
prospects and opportunities of introducing vegetable oils and
their derivatives as fuel in diesel engines. They had also dis-
cussed about peak pressure development, heat release rate
analysis and vibration analysis of the engine in relation to
the use of bio-diesel and conventional diesel fuel. Use of bio-
diesel in a conventional diesel engine results in substantial
reduction in unburned hydrocarbon (UBHC), carbon monox-
ide (CO), particulate matters (PM) emission and oxide of
nitrogen. Also, issues like on timing for diesel engine operation
with vegetable oils and their blends and environmental consid-
erations were discussed.
Reed et al. [16] converted waste cooking oil into its methyl
and ethyl esters, and tested different blends of diesel and com-
pared with neat biodiesel. It was reported that no signiﬁcant
difference occurred in the engine performance. Many research-
ers have also found slight increase in nitrogen oxide (NOx)
emissions and few others found slight increase in aldehyde
emissions [13–17]. Murillo et al. [18] found increased NOx
emissions for a 3.5% increase in fuel density. It was also found
that the number of double bonds, quantiﬁed as iodine number,
correlated with NOx emissions. In this context, the primary
objective of this paper was to examine the potential of pong-
amia oil for its suitability as feedstock in biodiesel preparation
and to compare the fuel properties of the methyl esters of
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is aimed to investigate the performance, combustion and emis-
sions aspect of the DI diesel engine running on this biodiesel.
2. Material and methods
2.1. Fuel production and properties
The biodiesel fuel used in this study (methyl ester) is obtained
from pongamia oil by transesteriﬁcation process. It is the pro-
cess by which fatty acid is converted into its corresponding
ester. The mixture of pongamia oil, methanol (molar ratio of
6:1) and sodium hydroxide (NaOH) (1% w/w) as catalyst is
taken in the reaction chamber ﬁtted with condenser and ther-
mometer. The entire mixture is heated at a temperature of
65 C for 2 h and then cooled down to room temperature.
After cooling, two layers are observed with top layer identiﬁed
as methyl ester and bottom layer as since it has more density.
Then the top layer is washed with distilled water and drained
out. Finally, pongamia oil methyl ester (PME) is obtained as
product and is used in the present study.
Numbers of tests are conducted to analyze the composition
and physical–chemical properties of biodiesel in a certiﬁed
laboratory. PME20, PME40, PME60, PME80 and PME100
represent various volumetric biodiesel quantities in the test fuel
(biodiesel–diesel blend). Properties of all the test fuels are pre-
sented Table 1. It is comprehended that the physicochemical
properties of biodiesel differ from that of conventional diesel;
which could affect the diesel engine performance and emission
characteristics without any further modiﬁcation required to be
done on the engine. The lower heating value of all biodiesel
blends is decreasing with increasing biodiesel concentration
in the blends. The heating value of PME100 is 23% lower than
conventional petroleum diesel. Therefore, in order to generate
the same power output, more fuel should be consumed for
PME100. The acid value and ﬂash point of biodiesel blends
are higher than that of diesel. Flash point of biodiesel is
175 C, which is higher than diesel. Even all the biodiesel
blends have ﬂash points much above that of diesel fuel indicat-
ing that biodiesel is safer than diesel fuel.
2.2. Experimental set-up
Experimental investigation is carried out on a typical single
cylinder, four stroke, constant speed air cooled diesel engine.Table 1 Properties of fuels.
Properties Diesel PME20
Acid number (mg of KOH/g) Nil 0.033
Ash (% by mass) Nil 0.021
Pour point (C) <3 3
Distillation (a) at 350 C 84 75
(b) At 370 C 93 90
Flash point, C 53 56
Kinematic viscosity at 40 C (CSt) 2.30 2.85
Moisture content (% by volume) Nil 0.1
Density at 15 C (kg/m3) 824 844
Lower heating value (kJ/kg) 44,450 41,200
Oxidation stability at 110 C, h [19] – –Schematic arrangement of the experimental setup is shown in
Fig. 1. Engine is coupled with an air cooled eddy current dyna-
mometer along with load cell. Load on the engine is varied
with the help of the controller provided on the dynamometer.
Standard burette apparatus along with stop watch is used for
fuel ﬂow measurement on volumetric basis. Exhaust gas tem-
perature is measured using K-type thermocouple. Exhaust
gas emissions such as CO, UBHC, CO2, O2, NOx and excess
air ratio are measured by using HORIBA MEXA 584L
exhaust gas analyzer. AVL 437C Smoke meter is used to mea-
sure smoke opacity. Engine is started under no load condition
and then warmed up at the rated speed of 1500 rpm and all the
readings are taken under steady state conditions. Technical
details of the engine are given in Table 2. Kistler pressure sen-
sor 6613 CQ09 and Kistler 601A crank angle encoder with
AVL INDIMICRA BW9871 software are used for combus-
tion analysis. The experiments are carried out with ﬁxed injec-
tion timing of 23 bTDC at an injection pressure of 200 bar.
Engine performance parameters such as brake power, efﬁ-
ciency, emissions and smoke opacity are quantiﬁed. Engine is
run at 1500 rpm and data are collected with respect to combus-
tion, emission and performance parameters at various loads of
0%, 25%, 50%, 75% and 100%.
3. Results and discussions
Diesel engine performance, emission and combustion charac-
teristics are analyzed for all blends of PME 20, PME 40,
PME 60. PME 80 and PME 100 fuels and compared with
petroleum diesel. All the performance and emission results
are presented and discussed in this section.
3.1. Performance characteristics
3.1.1. Brake speciﬁc fuel consumption
The brake speciﬁc fuel consumption (BSFC) is the actual mass
of fuel consumed to produce 1 kW power output in an hour.
The variation in BSFC of diesel and all biodiesel blends is
shown in Fig. 2. It is noted that BSFC of all the blends of
PME 20, PME 40, PME 60, PME 80 and PME 100 is higher
than that of petroleum diesel at various loading conditions.
The percentage of pongamia biodiesel in blends inﬂuences
the engine economy with better performance. It is found that
the BSFC of PME 100, PME 80, PME 60, PME 40, PME
20 and petroleum diesel is 53.3%, 41.9%, 26.3%, 22.96%PME40 PME60 PME80 PME100
1.41 1.53 >1.53 >1.53
0.028 0.035 0.053 0.085
2 2 2 1
75 59 32 31
90 80 48 46
56 60 80 175
3.22 6.37 8.35 10.29
0.2 0.2 0.2 0.4
852 875 889 912
39,100 38,000 35,700 34,220
– – – 2.3–11.6
Figure 3 Comparison of speciﬁc energy consumption with brake
power.
Figure 1 Schematic diagram of the experimental set up.
Figure 2 Variation in brake speciﬁc fuel consumption with
brake power.
Table 2 Test engine speciﬁcations.
Make Kirloskar
Model TAF-1
Type Single cylinder, naturally aspiration
Four stroke, vertical
Ignition Compression ignition
Fueling Direct injection (DI)




Rated power 4.4 kW @ 1500 rpm
Injection timing 23 bTDC
Injection pressure 200 bar
Cooling system Air cooling
Lubricating oil SAE20W 40 (K-Oil)
300 K. Nantha Gopal, R. Thundil Karupparajand 11.1% higher than that of diesel respectively. This is due
to the inﬂuence of lower heating value, higher density and vis-
cosity of biodiesel when compared to diesel. Similar trends
were reported earlier [20–21].
3.1.2. Speciﬁc energy consumption
Speciﬁc Energy Consumption (SEC) is the best parameter to
compare the economy performance of an engine because of
different heating values of biodiesel blends. SEC of various
biodiesel blends and petroleum diesel is plotted in Fig. 3.
SEC of all the tested fuels is found to be decreasing with
increase in power output. The BSEC of PME 20, PME 40,
PME 60, PME 80 and PME 100 is close to that of diesel at full
load conditions. This may be attributed to lower heating value,
higher density and viscosities of biodiesel when compared to
diesel.
3.1.3. Brake thermal efﬁciency
Brake Thermal Efﬁciency (BTE), commonly known as fuel
conversion efﬁciency that replicates the percentage of fuel
Figure 4 Brake thermal efﬁciency vs. brake power.
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compared for the same engine, brake thermal efﬁciency is the
most suitable parameter instead of speciﬁc fuel consumption.
Fig. 4 shows the BTE of all biodiesel blends and petroleum
diesel under different loading conditions. The maximum brake
thermal efﬁciencies at full load condition for diesel, PME 20,
PME 40, PME 60, PME 80 and PME 100 are calculated as
30.03%, 29.1%, 27.74%, 27.78%, 26.34% and 25.37%. It
can be observed that the brake thermal efﬁciency of pongamia
biodiesel is 15.5% lower than that of petroleum diesel at rated
load. The lower decreasing trend for biodiesel blends was also
presented in [22–24]. The lower BTE of biodiesel is greatly
inﬂuenced by its BSFC and heating value.
3.2. Emission characteristics
3.2.1. Unburned hydrocarbon emissions
Unburned hydrocarbon (UBHC) pollutants are formed when
the fuel is not completely burned. UBHC is one of the impor-
tant parameters for determining the emission behavior of
diesel engine. Comparison of UBHC of all the PME blends
and diesel at various brake power is shown in Fig. 5. It is
shown that the variation in UBHC decreases with the inﬂuenceFigure 5 Variation in unburned hydrocarbon emission with
brake power.of PME percentage in bio-diesel blends. It is also conﬁrmed
that PME 100 reduced 45% of UBHC emissions when com-
pared to base line diesel at full load condition. It is observed
that UBHC reduction is due to the presence of oxygen content
in the biodiesel that leads to faster the combustion chemical
reaction [25].
3.2.2. Carbon monoxide emissions
Carbon monoxide (CO) is the most common type of fatal air
poisoning in many countries. It is colorless, odorless and taste-
less, but highly toxic gas. Fig. 6 shows the variation in carbon
monoxide of all the tested fuels with respect to brake power. It
is learned that the variation in CO emissions for all biodiesel
blends and diesel is fairly small. It is also identiﬁed that CO
concentration of PME 20 and PME 100 is 67% and 19% lower
than conventional diesel at rated load. This may be due to the
oxygen content and less C/H ratio of biodiesel that causes
complete combustion. However, it is revealed that the decreas-
ing trend of CO emission does not rely on biodiesel percentage
in the blends [26].
3.2.3. Oxides of nitrogen emissions
NOx emission is a generic term of nitric oxide (NO) and
nitrogen dioxide (NO2), which is produced from the reaction
of nitrogen and oxygen gases in the air during combustion
process. The maximum burned gas temperature, the relative
concentration of oxygen and the reaction time are the critical
variables for NOx formation. The variation in NOx concentra-
tion with brake power for PME 20, PME 40, PME 60, PME
80, PME 100 and petroleum diesel is plotted in Fig. 7. NOx
emissions of all biodiesel blends are higher than that of con-
ventional diesel. It is found that NOx emission of PME 100
is increased by 26% when compared to diesel at rated load
and hike in NOx emission is greatly inﬂuenced by the percent-
age of biodiesel in blends. Similar conclusion related to NOx
formation was obtained by Mazumdar and Agarwal [27].
The high combustion temperature and the presence of extra
oxygen are the main parameters for more NOx emissions. This
can be reduced with proper adjustment of injection timing and
recirculating the small portion of exhaust gas with fresh air
during the induction process [28].Figure 6 Variation in carbon monoxide emission with brake
power.
Figure 9a Cylinder pressure vs. crank angle at 25% load.
Figure 7 Variation in oxides of nitrogen with brake power.
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Smoke is the visible product of diesel engine emission. The
comparison of smoke opacity of PME 20, PME 40, PME 60,
PME 80, PME 100 and petroleum diesel with respect to brake
power is shown in Fig. 8. From the plot, it is observed that
smoke opacity of biodiesel and its blends are signiﬁcantly
higher than that of petroleum diesel at part load conditions.
But, as the load increases to maximum level, smoke opacity
is effectively reduced up to 50% for PME and its blends with
diesel. The formation of local rich mixtures in the combustion
chamber due to high viscosity of biodiesel results in poor
atomization at part load operations. At rated loads, the smoke
formation is diminished because of oxygenated nature of bio-
diesel that leads to complete combustion [27,29,30].
3.3. Combustion characteristics
The combustion mechanism is one of the complicated phe-
nomena in an I.C. engine. The characteristics of the combus-
tion process are illustrated by using cylinder gas pressure,
ignition delay period, combustion durations, intensity and heat
release rate. These parameters can be calculated based on the
cylinder pressure data variation that are received from the
engine.Figure 8 Variation in smoke opacity with brake power.3.3.1. In cylinder pressure
In cylinder pressure measurement is the most important tool
for understanding the combustion process. It is used to give
sufﬁcient information for the combustion analysis and to
determine the heat release rate, mass fraction burned and cyl-
inder pressure–volume etc. The variation in cylinder pressure
with crank angle for PME 20, PME 40, PME 60, PME 80,
PME 100 and petroleum diesel is shown in Figs. 9a–d. It can
be observed that cylinder pressure of biodiesel blends with die-
sel follows similar trend as that of the conventional fuel under
various operating conditions. Fig. 10 shows maximum cylinder
pressure for various biodiesel blends at different engine loads.
It is also revealed that as load increases, maximum cylinder
pressure increases for all the tested fuels. Maximum cylinder
pressure is almost identical for PME 40, PME 60, PME 80
and PME 100 when compared to diesel. But, the peak pressure
for PME 20 is slightly higher by 2–3% than the rest of the
tested fuels.
The peak pressure crank angle for biodiesel blends is plot-
ted in Fig. 11. It can be noted from the ﬁgure that peak cylin-
der pressure occurs closer to TDC for all biodiesel blends and
diesel fuels at low load operations. As the load increases, the
peak cylinder pressure occurs relatively later for all fuels. This
is due to the prolonged ignition delay period which extends the
premixed combustion phase up to 10–12 aTDC.Figure 9b Cylinder pressure vs. crank angle at 50% load.
Figure 9d Cylinder pressure vs. crank angle at 100% load.
Figure 10 Maximum cylinder pressure for different fuels.
Figure 11 Peak pressure crank angle for biodiesel blends at
various loads.
Figure 12a Heat release rate for diesel, biodiesel and their blends
at 25% load.
Figure 9c Cylinder pressure vs. crank angle at 75% load.
Figure 12b Heat release rate for diesel, biodiesel and their blends
at 50% load.
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Heat release rate is the rate at which the chemical energy of the
fuel released by the combustion process in compression igni-
tion engine. The direct injection diesel engine combustion pro-
cess is divided into premixed phase and diffusion phase. It is
calculated based on the ﬁrst law of thermodynamics [28].
Figure 12c Heat release rate for diesel, biodiesel and their blends
at 75% load.
Figure 12d Heat release rate for diesel, biodiesel and their blends
at 100% load.
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its blends at 25%, 50%, 75% and 100% load conditions. It can
be seen that the maximum heat release rate of fuel is greatly
inﬂuenced by the percentage of biodiesel in blends. It is also
observed that combustion starts earlier for biodiesel and its
blends. The peak heat release rate of biodiesel fuels is lower
than conventional diesel fuel. This is due to the short delay
period and lower caloriﬁc value of biodiesel that contributes
to lower heat release rate. Similar results were reported earlier
[27]. However, the heat release during diffusion (late) combus-
tion phase for PME20, PME 40, PME 60, PME 80 and PME
100 is almost identical as diesel fuel. This is because of the
excess oxygen content of biodiesel left over during earlier com-
bustion stage continuing to burn in later stage.
4. Conclusion
The performance, emission and combustion characteristics of
biodiesel derived from pongamia oil and its blends are com-
pared with the conventional diesel fuel. Results are summarized
as follows:1. Diesel engine can perform satisfactorily with pongamia oil
methyl esters and their blends without any engine
modiﬁcations.
2. SFC increases with increase in percentage of biodiesel in the
biodiesel blends because of the lower heating value of
biodiesel.
3. It is also observed that there is signiﬁcant reduction in CO,
UBHC and smoke emissions for all biodiesel blends when
compared to diesel fuel. However, NOx emission of PME
biodiesel is marginally higher than that of petroleum diesel.
4. The combustion analysis showed that the biodiesel added to
the conventional diesel fuel decreased the delay period and
lowered the heat release rate of the premixed combustion.
Thus, results indicate that pongamia oil methyl ester can be
used as an alternative and environment friendly fuel for a die-
sel engine. However, detailed analysis of more blends will
surely give an emphasis on the kind of bio-diesel that can be
ﬁnally used in I.C. engines in the days to come in order to over-
come the disadvantages of the petroleum diesel fuel that can be
commercially developed as well.References
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